ABSTRACT: The performance of planar silicon pixel sensors, in development for the ATLAS Insertable B-Layer and High Luminosity LHC (HL-LHC) upgrades, has been examined in a series of beam tests at the CERN SPS facilities since 2009. Salient results are reported on the key parameters, including the spatial resolution, the charge collection and the charge sharing between adjacent cells, for different bulk materials and sensor geometries. Measurements are presented for n + -in-n pixel sensors irradiated with a range of fluences and for ptype silicon sensors with various layouts from different vendors. All tested sensors were connected via bump-bonding to the ATLAS Pixel read-out chip.
Introduction

30
The ATLAS collaboration will upgrade the current Pixel Detector [1] in two phases. A first upgrade 31 will be realized during the shut-down in 2013, by inserting a fourth detection layer (Insertable B-
32
Since the ToT-tuning is particularly temperature dependent, the ToT was calibrated on each sample 97 after installation in the beam test setup to ensure a proper charge conversion.
98
For each DUT a fiducial region was defined, based on geometrical and operability consider- analyses the pixels at the edges of the sensors were masked. In addition, all pixels that were found 101 to have disconnected or merged bump-bonds in laboratory measurements were masked, as were 102 pixels with high noise occupancy.
as the dry ice evaporated and needed to be closely monitored. Temperatures were recorded, ranging between -45 • C shortly after filling the coldbox with dry ice and -15 • C towards the end of a data 117 taking period. between telescope and DUTs during this step, provided the desynchronisation is not too severe.
125
As the Mimosa26 sensors of the telescope plane use the rolling shutter read-out technique, the 126 telescope integrates hits for 112 µs after the arrival of the trigger signal. This is much longer than 127 the 400 ns hit-buffer of the DUTs, so some tracks will be recorded by the telescope, but not by the Individual selection criteria are especially necessary, since the pixel size of the telescope-planes 140 is 18.4 µm in both directions, whereas the investigated FE-I3 based samples have a pixel size of 141 400 µm x 50 µm.
142
The final step is the track-fitting, which is based on a Kalman filter [29] . The track fits are 143 unbiased, requiring a hit in at least four out of the six telescope planes and in at least one DUT. Also 
Detector alignment
147
The alignment for the telescope planes and the DUTs in the EUTelescope track-reconstruction uses 148 the MILLIPEDE tool [27] . In the algorithm the alignment constants are calculated such that the 149 uncertainties of the fitted track parameters, as well as the χ 2 of the track residuals, are minimized.
150
Straight line fits to the hit positions in all active planes are performed independently for the x-and y-151 directions. Individual criteria can be applied to the resulting residual distributions to suppress fake 152 tracks. In the alignment process the pre-alignment constants, calculated in the previous hitmaker 153 step, are taken into account. This enables alignment of all telescope-planes and DUTs in one step,
154
where just the first telescope-plane is fixed in its position and orientation. The alignment constants 155 are applied in the final track fitting process. 
Data analysis
157
The analysis of the reconstructed tracks is conducted in several steps, using a dedicated data anal-158 ysis framework (tbmon) [28] .
159
Firstly, unresponsive and noisy pixels are identified and masked. A pixel is unresponsive if 160 it registers no hit during the full data taking period and noisy if more than 5 × 10 −4 of all hits 161 registered in this pixel are not correlated with a beam particle. Typically, less than 1 % of pixels are 162 masked in non-irradiated modules; for irradiated devices the fraction fluctuates between samples.
163
On average, roughly 10 % of the pixels have to be masked due to problems with settings of the 164 readout chip or increased noise due to high leakage current of the sensor.
165
In the following analyses tracks extrapolated from the telescope are "matched" to a hit if the hit 166 and the extrapolated track impact point in the DUT plane containing the hit are closer than 400 µm 167 in the long pixel direction and 150 µm in the short pixel direction. The hit position is defined as 168 the η corrected ToT weighted position of all pixels in a cluster [13] .
169
To estimate the intrinsic spatial resolution of the DUTs the distribution of hit residuals is gives the width of the charge sharing region.
178
To calculate the charge sharing probability for each hit within a cluster, it is determined 179 whether a hit is found in a pixel cell adjacent to the one matched to a track. This probability 
185
Due to a problem in the readout system, random DUTs stopped sending data for random short 186 intervals. Therefore, the availability of a reference plane for the selection of in-time tracks cannot 187 be ensured at all times. As this selection is crucial for the measurement of the hit efficiency, this 188 analysis could not be done with the available data, while charge collection and spatial resolution 189 measurements are unaffected.
190
Most of the hits registered by the DUTs were anyway associated with tracks; this can be seen are indeed generated by the triggered particle traversing the DUT. By applying cuts to the LVL1 195 distribution, we can therefore suppress most hits that are not associated to a track. Sensors in p-type technology tested in 2010 were produced at CiS 3 and at HPK 4 . 
Sensor design
212
The n-in-p pixel sensors labelled as MPP1-MPP5 were produced at CiS with a geometry compat-
213
ible with FE-I3, in the framework of a common RD50 production [20] . They were made from MPP4 (see Table 1 ) have 15 guard-rings with a total inactive area of 610 µm on each side. For both design while it is 100 µm in the 15 guard rings design.
226
The inter-pixel isolation is achieved by means of a homogenous p-spray implantation. 
Beam test results
232
As documented in Table 1 , during the first beam test period (July 2010) none of the CiS n-in- The performance of these five samples is presented as follows.
238
Cluster size The cluster size distribution was studied for all sensors as a function of the bias hit clusters rises since it becomes more likely that a neighbouring pixel is above threshold as well.
245
This behaviour can be clearly seen in Figure 4 . side, corresponding to the bias dot region where the pixel implant is connected to the bias grid.
250
The same effect is evident in n-in-n devices with the same design (Section 5). In this region the 251 collected charge is still well above the threshold.
252 Figure 6 shows lower collected charge along the edges of a pixel, due to charge sharing with the 253 neighboring pixels. As charge sharing occurs, less charge is available for the pixel traversed by 254 the particle, decreasing the probability to pass the electronics threshold. This effect is especially Table 2 . Cluster size (CS) composition for CiS modules measured at different bias voltages during beam tests; clusters were matched to a track. Charge sharing probability is also reported. by unirradiated devices (MPP1 and MPP2) is included and a typical discriminator threshold of 259 3200 e is indicated. A systematic error on the collected charge of 400 e is assumed, due to the finite 260 charge resolution of the ToT mechanism; a 5% systematic uncertainty is taken into account, due to 261 non-uniformity in the injection capacitances.
262
Although the irradiated samples do not show saturation of the collected charge up to 700 V,
263
already at low bias voltages the collected charge exceeds the electronics threshold by more than a 264 factor of two and can thus be considered safe for tracking applications.
265
Charge sharing In Figure 8 (top) the charge sharing probability within one pixel for MPP3 is 266 shown. At normal track incidence increased charge collection probability is evident at the edges 267 and corners of the pixel. The situation after irradiation is shown in Figure 8 (bottom). Here the 268 charge sharing especially on the side of the punch through biasing is reduced, since there is a higher 269 probability for the neighbouring pixel to be below threshold. This is also reflected in the average 270 charge sharing probability given in Table 2 
Sensors design
287
Two modules with different sensor n-in-p layouts were subject to beam tests; one with a polysilicon bias resistor and a common p-stop isolation (KEK1), and the other with a polysilicon bias resistor on and connected to the single-chip test card (SCC) with wire-bonding.
295
These modules were beam-tested before any irradiation in 2010, irradiated afterward and 
Beam test results
300
The HPK samples characterization has been carried out by measuring the cluster size, collected 301 charge, charge sharing and spatial resolution as a function of the bias voltage.
302
Cluster Size The KEK1 and KEK2 samples were biased at 100 V and 200 V. The two samples 303 perform in a similar way in terms of cluster size for particles at normal track incidence. As shown 304 in Table 3 (see also Table 3 .
316
Residuals Figure 17 shows the residual distribution for all clusters at normal track incidence.
317
The spatial resolution is about 16 µm along the short pixel direction, which is comparable with the 318 digital resolution of pitch/ √ 12; the same is true for the long pixel direction (RMS about 116 µm).
319
No difference is noticeable between KEK1 and KEK2 sensors.
320 Figure 18 shows the residual distribution for two-hit clusters. For these, the spatial resolution 321 is found to be around 7 µm in the short pixel direction and around 9 µm for the long one (see 322 also Table 4 ). The spatial resolution when the cluster contains two hits is larger than the telescope 323 pointing-resolution and gives an estimate of the charge sharing region between neighbouring pixels. 
Radiation hardness of n-in-n sensors
325
The n-in-n sensor technology used in the current ATLAS Pixel detector have been tested to fluences 326 up to 1.1 × 10 15 n eq /cm 2 [11] . To evaluate the usability of n-type bulk material for IBL and future 327 detector upgrades, sensors have been irradiated with fluences as high as 2 × 10 16 n eq /cm 2 using isolation is achieved by means of a "moderated" p-spray implantation [1] .
338
A total of 5 irradiated n-in-n pixel sensors were tested. Table 5 . Summary of irradiated n-in-n samples in the testbeams. KIT stands for 25 MeV energy proton irradiation. the large leakage current from irradiated sensors. As an example, we measured a leakage current 343 of 24 µA (10 µA) for DO10 (DO9), at a bias voltage of 1200 V and at -47 • C.
Results
Bias
344
Charge collection One of the main effects of irradiation is the increased trapping, which leads 345 to a reduced signal amplitude. As the trapping probability depends on the charge carrier velocity, 346 the collected charge was measured as a function of the bias voltage. Figure 19 shows the results
347
for all irradiated n-in-n samples in the two beam test periods; see also Table 5 . A systematic 348 error on the collected charge of 400 e is assumed, due to the finite charge resolution of the ToT 349 mechanism; a 5% systematic uncertainty is also taken into account, due to non-uniformity in the 350 injection capacitances.
351
After 5 × 10 15 n eq /cm 2 , the collected charge still exceeds 10 ke at a bias voltage of 1000 V. Even if 352 the collected charge is shared equally between two neighboring pixels, this charge is sufficient to 353 detect the hit with FE-I3.
354 Figure 20 top, shows that charge is predominantly lost in the region of the punch-through bias 355 grid system.
356
At very high fluences (2 × 10 16 n eq /cm 2 , DO10 sample) it is no longer possible to say which 357 region is less efficient than the others, using the charge collection method (Figure 20, bottom) . Charge sharing Figure 21 shows the charge sharing probability for DO9 at a bias voltage of 359 1200 V. Reduced charge sharing probability is visible in the region of the bias dot and the bias grid 360 network. 6 Less charge is deposited here, so there is a higher probability for the second pixel in a 361 two-pixel cluster to be below threshold. As only the bias trace makes the difference between both 362 pixel sides, it might cause the lower charge sharing probability. Furthermore, one can see that the 363 region of the bias dot is not affected.
364
While for DO9 a clear increase in charge sharing probability towards the edges of the pixel is 365 visible, at higher fluence the collected charge becomes too small for any significant charge sharing 366 to be observable. This can also be seen in the fractions of clusters with one, two, and more pixels. is lost due to trapping.
371
For samples irradiated up to 5 × 10 15 n eq /cm 2 the cluster size increases slightly with bias voltage,
372
while at 2 × 10 16 n eq /cm 2 the fraction of clusters with two or more hit pixels is very small and stays sharing region between pixels to be determined. Figure 23 shows the distributions for DO9 (5 × 376 10 15 n eq /cm 2 ) and DO10 (2 × 10 16 n eq /cm 2 ). After correcting for the telescope resolution, the 377 widths of the charge sharing regions are 7.1 µm and 7.7 µm. These values correspond very well 378 with the width found for an unirradiated sample of 6.4 µm. This indicates that the lateral diffusion 379 of the charge cloud does not change significantly with irradiation.
380
Residuals Figure 24 shows the residual distributions in the 50 µm pixel direction for the unirra- Thus, no influence of radiation damage on the spatial resolution can be observed. 
Slim Edge
385
For slim edge studies the outermost pixels of a sample are of special interest. Therefore, the samples 386 were mounted such that the edge of the sensor was well within the trigger acceptance window. principle is the same as for the charge collection analysis but instead of overlaying all pixels onto 389 one single pixel, only pixels at the sensor edge are used and the special geometry is conserved in 390 the overlay process.
391
For the IBL sensors the width of the inactive region at the edge of each sensor tile has to be re-392 duced significantly with respect to the approximately 1 mm wide region on each side of the current 393 ATLAS Pixel detector sensors. One approach is to shift the guard-rings on the p + -side inwards.
394
Two specially designed DUTs were tested to study the impact of an overlap between the active 395 pixel region with the guard ring region, where the electric field in the sensor is inhomogeneous.
396
In the DO6 sample, the overlap between active pixel region and guard ring region is 210 µm, with 397 the number of guard rings reduced to 11. In the DO3 sample groups of 10 pixels are shifted towards 398 the edge of the sensor in steps of 25 µm, increasing the area in which the pixels overlap with the 399 guard-rings (see Figure 25 ).
400
The test structures were mounted such that the edge of the sensor was well in the center of the trigger window, allowing to study charge collection in the shifted pixels in some detail. especially for the guard ring regions, biasing and isolation structures were examined.
418
The goals of the measurement program were threefold: to demonstrate the suitability of p-bulk 419 sensors for tracking purposes, to prove the radiation hardness of n-bulk sensors and to realize pixel 420 sensors with reduced inactive edge area.
421
Pixelated p-bulk sensors produced by different vendors were tested to evaluate their perfor-422 mance, after irradiation too. In terms of the collected charge, charge sharing, and spatial resolution 423 the performance of the p-bulk sensors was very good and comparable to that of n-bulk sensors.
424
The issue of the high potential on the pixelated side of the sensor was tested and operation of the 425 sensors was proven to be very stable.
426
The radiation hardness of n-bulk sensors was tested up to unprecedented fluences, with a 427 maximum of 20 × 10 15 n eq /cm 2 . At a bias voltage of 1.2 kV a collected charge of about 6 ke was 428 observed, corresponding to about one third of the collected charge before irradiation. Despite 429 the rather small collected charge and the reduced charge sharing between pixels, no significant 430 deterioration of the spatial resolution was observed.
431
In order to reduce the inactive area at the edge of n-bulk sensors, several modified sensor 432 layouts were tested. The influence of a reduction of the number of guard rings and an increasing overlap between the active pixel region and the guard ring region on the backside of the sensor 434 were studied. It was found that the charge collection efficiency reduces with increasing distance 435 from the edge of the bias voltage pad due to the inhomogeneously formed depletion zone in the 436 sensor. However, the collected charge is sufficient for reliable particle detection up to a distance 437 of about 200 µm from the bias voltage pad. This was very encouraging for the planar ATLAS IBL 438 candidate design, which was finally designed employing the methods evaluated by the beam test 439 measurements described in this paper.
